The kidney plays an essential role in blood pressure regulation by controlling short-term and long-term NaCl and water balance. The thick ascending limb of the loop of Henle (TAL) reabsorbs 25-30% of the NaCl filtered by the glomeruli in a process mediated by the apical Na ϩ -K ϩ -2Cl Ϫ cotransporter NKCC2, which allows Na ϩ and Cl Ϫ entry from the tubule lumen into TAL cells. In humans, mutations in the gene coding for NKCC2 result in decreased or absent activity characterized by severe salt and volume loss and decreased blood pressure (Bartter syndrome type 1). Opposite to Bartter's syndrome, enhanced NaCl absorption by the TAL is associated with human hypertension and animal models of salt-sensitive hypertension. TAL NaCl reabsorption is subject to exquisite control by hormones like vasopressin, parathyroid, glucagon, and adrenergic agonists (epinephrine and norepinephrine) that stimulate NaCl reabsorption. Atrial natriuretic peptides or autacoids like nitric oxide and prostaglandins inhibit NaCl reabsorption, promoting salt excretion. In general, the mechanism by which hormones control NaCl reabsorption is mediated directly or indirectly by altering the activity of NKCC2 in the TAL. Despite the importance of NKCC2 in renal physiology, the molecular mechanisms by which hormones, autacoids, physical factors, and intracellular ions regulate NKCC2 activity are largely unknown. During the last 5 years, it has become apparent that at least three molecular mechanisms determine NKCC2 activity. As such, membrane trafficking, phosphorylation, and protein-protein interactions have recently been described in TALs and heterologous expression systems as mechanisms that modulate NKCC2 activity. The focus of this review is to summarize recent data regarding NKCC2 regulation and discuss their potential implications in physiological control of TAL function, renal physiology, and blood pressure regulation.
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Role of Na
ϩ -K ϩ -2Cl Ϫ Cotransporter
in Thick Ascending Limb Function
THE MAIN FUNCTION OF the thick ascending limb (TAL) is to reabsorb large amounts of NaCl while reabsorbing no water, therefore diluting the forming urine in the tubule lumen (10, 19) . Throughout the length of the TAL, luminal NaCl concentration decreases gradually from ϳ140 mM in the inner stripe of the outer medulla to 30 -60 mM at the macula densa (10, 18, 21, 102) . NaCl reabsorption by the TAL is a two-step process: first, Na ϩ , K ϩ , and Cl Ϫ enter the cell across the apical membrane via the electroneutral Na ϩ -K ϩ -2Cl Ϫ cotransporter (NKCC2). These ions are transported following the electrochemical gradient generated by Na ϩ -K ϩ -ATPases, which mediate the second step of Na ϩ extrusion across the basolateral membrane (19) . Cl Ϫ exits via the basolateral K ϩ -Cl Ϫ cotransporter (KCC4) (115) or Cl Ϫ channels (CLC-Kb) (85, 93) . A fraction of the K ϩ reabsorbed from the lumen by NKCC2 recycles across the apical membrane via apical K ϩ channels (ROMK) (48, 174, 175) . In this way, the lumen-to-bath potential difference is positive (ϩ5 to ϩ10 mV), while the intracellular potential is negative (Ϫ70 mV) (20, 34, 55, 56, 105, 145) .
NKCC2 plays an essential role in the TAL and renal function. It mediates 100% of the Cl Ϫ reabsorption, and although it mediates 50% of all Na ϩ transport apical membrane, NKCC2 activity is linked to paracellular Na ϩ , Ca 2ϩ , and Mg 2ϩ flux (67) . A fraction of the luminal Na ϩ (10 -20%) enters the cell via the type 3 Na ϩ /H ϩ exchanger (NHE3) and diffuses across tight junctions (30 -40%) following the lumen-positive potential generated by ROMK. Inhibition of NKCC2 decreases K ϩ exit through ROMK, disrupting the lumen-positive potential and halting not only all NaCl reabsorption but also the paracellular transport of calcium and magnesium (66, 71) . In addition, NaCl reabsorption by the TAL maintains a high interstitial osmolality, necessary for countercurrent multiplication and water reabsorption by the collecting duct system. Thus NKCC2 activity is essential for salt conservation and for acute and chronic regulation of water balance.
NKCC2 dysfunction exerts negative consequences in mammals. In humans, inactivating mutations in the gene coding for NKCC2 (Slc12a1) causes Bartter syndrome type 1, characterized by severe natriuresis hypercalciuria and magnesuria, inability to concentrate urine, leading to hyponatremia, hypochloremia, metabolic alkalosis, and low blood pressure (144, 160, 166) . A similar phenotype is observed in mice lacking NKCC2, most of which do not survive unless salt and volume are maintained (169) . Opposite to genetic inactivation of NKCC2, enhanced activity of NKCC2 has been linked to salt-sensitive hypertension and hypertensive disorders in rodents and humans (6, 82, 88 -90) . Despite the importance of NKCC2 in renal function, the molecular mechanisms by which this apical cotransporter is regulated in health and disease have remained poorly understood. In this review, we have summarized recent studies pointing to the complex regulation of NKCC2 by various mechanisms. In the first part, we focus on NKCC2 gene structure and function and determinants of apical sorting and maturation. We then discuss its hormonal regulation in the TAL and the molecular mechanisms affecting NKCC2 function, including membrane trafficking, phosphorylation, and protein-protein interactions. Finally, we emphasize the role of NKCC2 in physiology and human pathology, focusing on the role of NKCC2 in blood pressure regulation and hypertension.
NKCC2 Expression and Gene Structure/Function
NKCC2 belongs to a family of integral plasma membrane proteins that mediate electroneutral symport of Na ϩ , K ϩ , and Cl Ϫ with a stochiometry of 1:1:2, respectively. NKCC2 is encoded by the Slc12a1 gene and was also called bumetanidesensitive cotransporter 1 (BSC-1). NKCC2 and its closely related precursor NKCC1 (Slc12a2) are the targets of loop diuretics bumetanide and furosemide (62) . NKCC2 activity and expression have only been confirmed in the medullary and cortical TAL and in macula densa cells (76, 84, 92, 123, 157) . In addition to mediating all of the NaCl reabsorption in the TAL, in the specialized cells of the macula densa NKCC2 senses luminal Cl Ϫ concentration and initiates the signal for tubuloglomerular feedback, thereby controlling afferent arteriole tone and glomerular filtration rate (reviewed in Refs. 16 and 28) .
NKCC1 and NKCC2 share 60% homology (35, 76, 134). NKCC1 (BSC-2) was originally cloned from the shark rectal gland (mature form: ϳ195 kDa). Different from NKCC2, NKCC1 is localized primarily in the basolateral membranes of secretory epithelia (180) , the mouse inner medullary collecting duct (33), and in the human colon (135), where it is responsible for transepithelial Cl Ϫ and water secretion (60) . It is also present in several neuronal cell types like red blood cells and vasculature, where it is involved in cell volume regulation and ion homeostasis (59) . NKCC2 was first cloned by Gamba et al.
(46) from rat kidney and in the murine kidney by Igarashi et al. (76) by screening a kidney library and anchored PCR. Murine NKCC2 has 93 and 97% homology with the rabbit and rat sequence, respectively (44, 76) (Fig. 1) . The topology of NKCC2, based on the cDNA sequence, predicts a protein with 12 transmembrane-spanning domains, a cytoplasmic NH 2 terminus 170 amino acids long, and a large cytoplasmic COOH terminus (ϳ470 amino acids) (Fig. 1) . While there are several phosphorylation consensus sites for protein kinase A (PKA), protein kinase C (PKC), and casein kinases, to date only a few kinases have been reported to phosphorylate NKCC2 (discussed in detail below). There are no known consensus sequences for cGMP-dependent protein kinase (PKG). Furthermore, the actual structure of NKCC2 in a double-lipid bilayer, the folding and conformation of the intracellular domains, is currently unknown.
NKCC2 Alternative Splicing
Although NKCC2 is encoded by a single gene (Slc12a1), differential splicing of NKCC2 mRNA results in the formation of alternate transcripts. The combination of two independent splicing produces at least six isoforms of NKCC2 showing species-specific expression. The first splicing produces the isoforms A, B, and F due to the variable exon 4 (17, 28, 134) (Fig. 1) . The A, B, and F isoforms of NKCC2 differ in their localization along the TAL and in their ion transport characteristics (ion affinity for Na ϩ , K ϩ , and Cl Ϫ ). The isoform NKCC2A exhibits intermediate affinity for Cl Ϫ (K m : ϳ30 mM) and is located in the medullary and cortical TAL although it is most abundant in the cortex. The B isoform shows the highest affinity for Cl Ϫ (K m : ϳ10 -15 mM) and is primarily located in the macula densa cells and cortical portion. The NKCC2F isoform has the lowest affinity for transported ions (K m : ϳ110 -130 mM) and is located mainly in the medullary TAL (28, 52, 114, 138, 183) . The relative distribution of these isoforms and their affinity for ions match the luminal concentration of NaCl along the TAL allowing maximal Cl Ϫ reabsorption without saturation. Mice lacking the NKCC2A isoform show slightly lower urine osmolality and a small decrease in Cl Ϫ reabsorption, and enhanced mRNA for the NKCC2B isoform, indicating compensation (125). NKCC2B isoform knockout mice show slightly lower Cl Ϫ reabsorption along the loop of Henle and blunted tubuloglomerular feedback consistent with Cl Ϫ sensing at the macula densa (28) . The large difference in ion affinity between the B and F isoforms is primarily due to amino acid changes in the intracellular linker region (ICL1) between transmembrane domains TM2 and TM3. Gimenez and Forbush (51) showed that two sets of three residues, one set in TM2 and one in ICL1, are involved in ion-affinity changes. The set of residues in ICL1 are mainly responsible for different ion affinities and seem to be part of an ␣-helical conformation that may be partially embedded in the plasma membrane. To date, the binding sites for Cl Ϫ , K ϩ , and Na ϩ as well as for the inhibitors of the furosemide family are unknown.
A second splicing mechanism has been described that produces a stop signal in the COOH-terminal portion, producing a short NKCC2 isoform that lacks the last 327 amino acids but contains an extra 55 amino acids not present in the long isoform (114) . To date, this short NKCC2 isoform has only been reported in mice (139) . Expression of the short NKCC2 isoform in Xenopus laevis oocytes induces bumetanide-sensitive Na ϩ and Cl Ϫ entry independently of extracellular K ϩ (137, 139). These data suggest that the expression of a short NKCC2 isoform may explain the AVP-and K ϩ independent cell swelling (blocked by furosemide) observed in mouse TAL (168, 41) . However, the role of the short isoform (ϳ770 amino acids) in TAL NaCl reabsorption is unknown, since a mutant mouse lacking the short isoform has not been generated, and its effect on apical Na ϩ and Cl Ϫ transport in isolated perfused TALs has not been studied in mice. Antibodies against the NKCC2 NH 2 terminus fail to detect the short splice variant in rat TALs, and it is unclear whether this splice variant is present in human kidneys.
N-Linked Glycosylation and Determinants of Apical Sorting
The NKCC2 sequence predicts a protein of 1,095 amino acids with a calculated molecular mass of ϳ121 kDa (76) . However, NKCC2 has two N-linked glycosylation sites located between transmembrane domains 7 and 8 in the position N442 and N452, which confer an apparent molecular mass of 160 kDa when detected by immunoblotting (114, 130) . Importantly, when detected by immunoblotting from kidney homogenates or isolated TALs, the immature/nonglycosylated (121 kDa) form of NKCC2 is at an extremely low abundance and only detectable after overexposure of films, indicating that in TAL most NKCC2 is efficiently glycosylated. There are additional predicted N-linked and O-linked glycosylation sites that are not likely relevant to NKCC2 function. Eliminating the two glycosylation sites between TM7 and -8 (N442 and N452) decreases but does not completely eliminate NKCC2 transport activity or plasma membrane NKCC2 levels in the X. laevis oocyte expression system (130), suggesting that a fraction of nonglycosylated NKCC2 may reach the plasma membrane. N-linked and O-linked glycosylation are involved in apical targeting (116, 152, 153) and correct maturation of several transmembrane proteins. However, the role of N-linked glycosylation in maturation, stability and trafficking of NKCC2 to the plasma membrane in TALs or polarized epithelial cells has not been studied.
While N-linked glycosylation is likely involved in maturation and membrane targeting of NKCC2, the sequence responsible for apical trafficking of NKCC2 in polarized epithelium has been mapped to the cytoplasmic C terminus. In an elegant set of studies, Carmosino et al. (26) mapped the apical targeting domain in NKCC2 by generating chimeras between basolateral NKCC1 and NKCC2 and expressed them in polarized Madin-Darby canine kidney (MDCK) cells (26) . They found that a 77-amino acid portion of NKCC2 located in the COOH terminus (amino acids 708 -884) is sufficient to target NKCC2, a fraction of NKCC1, and an unrelated transmembrame protein (PLAP-VSV-G, a reporter with no dominant sorting information) to the apical membrane of MDCK cells. Sequence analysis indicated that the 77-amino acid apical determinant is not present in NKCC1 while the dileucine motif that mediates basolateral targeting of NKCC1 is not conserved in NKCC2. Overall, these data suggested that NKCC2 arose later in evolution from gene duplication of an NKCC1 precursor after rearrangement (loss) of a 16-amino acid stretch on exon 21 .
In addition to the apical targeting domain, the COOH terminus of NKCC2 contains information required for endoplasmic reticulum (ER) exit, protein maturation, and ER-Golgiplasma membrane trafficking of NKCC2 (187 (2, 166) . This Bartter syndrome mutant (Y998X) exhibit a similar behavior as mutants lacking the ER exit signal, being retained at the ER, lacking complex glycosylation and surface expression.
Taken together, these data indicate that the COOH-terminal portion has essential information for maturation, correct expression, and functionality of NKCC2 in TALs. Nevertheless, most of the known phosphorylation sites reported have been mapped to the NH 2 terminus (discussed below), suggesting that potential protein-protein interactions in this region may also be important for NKCC2 regulation.
Hormonal Regulation of NKCC2 in the TAL
Several hormones are responsible for the accurate control of NaCl reabsorption by the TAL. In most cases, hormones and autacoids that affect TAL NaCl reabsorption do so by triggering signaling cascades that regulate NKCC2 activity in the apical membrane rather than affecting basolateral Na ϩ -K ϩ -ATPase or Cl Ϫ exit pathways (ClC-Kb, KCC4) (72, 81, 128, 142, 168) . The best-studied stimulatory hormone in the TAL is vasopressin (AVP), which enhances NKCC2 activity primarily via an increase in intracellular cAMP (68 -70, 112) . Other hormones that stimulate NaCl reabsorption in the TAL do so by increasing cAMP levels (37). This is the case of parathyroid hormone (PTH), calcitonin, glucagon, as well as ␤-adrenergic agonists (isoproterenol, norepinephrine) (Fig. 2) . However, it is not clear whether all hormones that increase cAMP in the TAL also stimulate NKCC2 since cAMP signaling is compartmen-talized in other cells (12, 156, 165) . The mechanisms by which cAMP enhances NKCC2 activity involves stimulation of membrane trafficking and perhaps phosphorylation and are discussed in detail in the next section.
Opposite to the stimulatory effect of cAMP-generating hormones, the inhibitory effect of some hormones and autacoids in NaCl reabsorption is mediated by cGMP. This is the case of atrial natriuretic peptides (ANP), endothelin, ␣-adrenergic agonists, and nitric oxide (NO) among others (9, 32, 118) . ANP stimulates the receptor-bound guanylate cyclase (NPR-A). Endothelin and ␣-adrenergic agonists stimulate NO production by NOS3 which then activates soluble guanylate cyclase to increase cGMP levels in the TAL (9, 119, 142, 165) . The effect of NO and cGMP is due to direct inhibition of NKCC2 activity (127, 128). We found that cGMP inhibits NaCl reabsorption by decreasing apical surface NKCC2 in TALs. This effect was mediated by the cGMP-stimulated phosphodiesterase 2 (PDE2) (4) . As expected, inhibition of PDE2 blocks NO and cGMPinduced inhibition of NaCl reabsorption by the TAL (127). These data suggest that cGMP inhibits NKCC2 by affecting its trafficking, and this is caused by stimulation of PDE2 and a subsequent decrease in cAMP (4) (Fig. 2) . However, in other cells, alternative signaling pathways independent of decreases in cAMP may be initiated by activation of PDE2, although these have not been studied in TALs.
In addition to cAMP-and cGMP-generating hormones, there are several arachidonic acid metabolites that inhibit NaCl reabsorption by the TAL. 20-Hydroxyeicosatetraenoic acid (20-HETE) and prostaglandin E 2 (PGE 2 ) inhibit NaCl reabsorption by the TAL (39, 57, 79). However, it is not known whether NKCC2 is their primary target since these lipid mediators may also inhibit Na ϩ -K ϩ -ATPase activity or ROMK. In addition, a few hormones are known to stimulate NaCl reabsorption independently from cAMP. This is the case for insulin, which stimulates various signaling pathways including tyrosine kinases, phosphatidylinositol 3P (PI3P) kinase, and others (78, 104) . Despite its potential importance in type 2 diabetes, the transporter stimulated by insulin in the TAL has not been identified.
Molecular Mechanisms of NKCC2 Regulation
Although it is clear that NKCC2-dependent NaCl entry is essential for TAL function, salt homeostasis, and blood pressure control, the molecular mechanisms by which the activity of NKCC2 is regulated are poorly understood. In general transport terms, NKCC2 activity may be regulated by changes in the amount of NKCC2 in the apical surface or changes in the affinity of NKCC2 for the transported ions in the TAL. To date, only three molecular mechanisms are known to affect these transport parameters: 1) protein trafficking, 2) phosphorylation, and 3) protein-protein interactions. How these processes interact to mediate the accurate regulation of NKCC2 by hormones and cyclic nucleotides in the TAL is unknown. While in a few cases the molecular regulation of NKCC2 has been studied in the TAL, most data have been generated in the X. laevis oocyte expression system or nonpolarized cells. Some mechanisms of NKCC2 regulation are likely conserved across systems. However, we think it is important to translate and corroborate these findings to TALs as this will lead to a better understanding of the physiology and the role of NKCC2 in hypertension or salt-wasting tubulopathies.
Protein trafficking. For most transmembrane proteins, its functional amount as well as its half-life at the plasma membrane is determined by a balance between endocytosis and exocytosis from different intracellular pools. These dynamic processes are collectively termed trafficking. The first indication that NKCC2 may be regulated by membrane trafficking came from immunolocalization and electron microscopy studies. These studies showed NKCC2 located in the apical membrane but also in abundant intracellular vesicles in the subapical space of rat TAL cells (121). The abundance of NKCC2 in subapical vesicles appears to be greater in smooth-surfaced TAL cells than in rough-surfaced cells. While this difference was not quantified, it is possible that different pools of intracellular NKCC2 exist in these two cell types in the TAL.
An important question for understanding NKCC2 trafficking was quantifying which fraction of the total pool of NKCC2 resides in the apical surface. The only methods able to address this question are electron microscopy and surface-selective protein labeling. Gimenez and Forbush (49) used electron microscopy to study NKCC2 distribution in mouse TALs and reported that ϳ5-6% of total NKCC2 immunolabeling is found either within the apical membrane or 70 nm from it. They also found that up to 45% of total NKCC2 is located within 140 nm of the apical membrane (49). Since the average size of trafficking vesicles ranges from 50 to 100 nm, the large percentage of intracellular NKCC2 in proximity to the apical membrane (140 nm) may represent a pool of NKCC2 located in vesicles undergoing recycling. We used surface protein biotinylation of rat TALs to quantify the fraction of NKCC2 on the surface. We estimated that 3-5% of total NKCC2 is accessible for biotinylation at the TAL surface under baseline conditions (126). This fraction is somewhat variable depending on the antibodies used to detect NKCC2 (NH 2 terminus vs. COOH terminus). These results and those from other investigators indicate that a small fraction of the total pool of NKCC2 is accessible to the TAL lumen. Confocal microscopy has been used by some investigators to estimate changes in NKCC2 trafficking after immunolabeling the total pool of NKCC2 (110, 130, 178, 187) . However, the resolution of this method (250 -500 nm) is too low to accurately distinguish NKCC2 in the apical membrane from NKCC2 in the subapical compartment below the membrane (where most of the NKCC2 is located). Even after labeling of the apical membrane, this method tends to overestimate NKCC2 in the apical membrane (129). The small amount of NKCC2 found in the apical membrane is not surprising and is similar to other apical transporters regulated by trafficking. This is the case of the epithelial Na ϩ channel (ENaC) and the inorganic phosphate cotransporter (NaPi2) in which a small percentage (1-5%) of the total pool is found at the surface (94, 170, 172) . A low surface-to-total NKCC2 ratio in TALs may represent a mechanism to rapidly and efficiently increase NaCl influx by exocytosis of small amounts of intracellular NKCC2 pool. It may also suggest that maturation of an active transporter is not efficient, and a fraction of the protein never reaches the surface.
Vasopressin and other hormones that increase cAMP in the TAL are the most potent physiological stimuli of NaCl reabsorption. They act primarily by enhancing NKCC2-dependent Na ϩ and Cl Ϫ entry (23, 34, 45, 49, 87, 179) . The molecular mechanisms by which cAMP stimulates NKCC2 are likely to be complex; however, most data indicate that trafficking to the apical membrane is required. Earlier experiments by Meade et al. (110) indicated that cAMP regulates NKCC2 trafficking in oocytes. These investigators found that dibutyryl (db)-cAMP enhanced surface expression and activity of full-length mouse NKCC2 expressed in oocytes. However, this effect was only apparent when the short splice variant of mouse NKCC2 was coexpressed (110) . To study the role of AVP on apical NKCC2 levels, Gimenez and Forbush (49) infused AVP into live mice and measured NKCC2 in TALs by electron microscopy. They found that AVP enhanced the amount of NKCC2 in the apical membrane and also phosphorylation of N-terminal threonines (Thr 96 and Thr 101 ) (49). While these data indicated that trafficking was stimulated by AVP, they did not address which trafficking pathway was affected by cAMP. In 2006, Ortiz (126) showed that cAMP analogs (db-cAMP and 8-Br-cAMP) increased steady-state surface NKCC2 in an acute manner (20 min), similar to the time required for maximal cAMP-stimulated transport to plateau without changing total NKCC2 expression. We found that the vesicle-associated membrane proteins VAMP2 and VAMP3 are expressed in the subapical space of TALs. We tested whether treatment of TALs with tetanus toxin, a clostridial toxin that cleaves and inactivates VAMP2 and VAMP3, could block the effect of cAMP. We found that tetanus toxin blocked both cAMP-stimulated surface NKCC2 expression and NaCl reabsorption by the TAL (126). These data indicated that trafficking of NKCC2 enhances its levels in the apical membrane, and this mechanism is primarily responsible for enhanced NaCl reabsorption by the TAL.
Although cAMP enhances surface NKCC2 levels, the trafficking steps and the signaling cascade activated by cAMP were unknown. An increase in surface NKCC2 levels could be due to an increase in the rate of exocytic insertion, a decrease in the rate of retrieval or both. In 2009, Caceres et al. (24) showed that NKCC2 undergoes constitutive exocytosis in TALs, suggesting that trafficking of NKCC2 is a continuous dynamic process rather than a triggered event. Enhancing intracellular cAMP stimulated the rate of NKCC2 exocytosis by twofold (24) . The increase in apical NKCC2 and the rate of exocytosis are most likely mediated by PKA since the PKA inhibitor H-89 blocked 65% of the increase in surface and 60% of the increase in exocytosis. A PKA-selective agonist (N 6 -Bnz-cAMP) enhanced NKCC2 exocytosis and surface expression. In addition to PKA, cAMP-activated guanine exchange proteins EPAC1/2 mediate cAMP signaling in other cells. However, these proteins do not seem to be involved in NKCC2 stimulation since an EPAC-selective agonist did not affect surface NKCC2 in TALs. These data indicated that stimulation of PKA enhances NKCC2 trafficking toward the apical membrane by increasing the rate of exocytosis.
It is still unclear whether PKA stimulates the biosynthetic trafficking of NKCC2, the recycling of internalized NKCC2, inhibits endocytosis, or a combination of these trafficking pathways. It is also uncertain whether cAMP-sensitive NKCC2 storage vesicles are present in the TAL. When apical membrane exocytosis was monitored in perfused TALs, cAMP produced a rapid increase in surface area within 4 min followed by a moderate and sustained increase, suggesting that some vesicles in the TAL undergo rapid apical exocytosis. Taken together, these data indicate that cAMP-stimulated NaCl reabsorption by the TAL is due to enhanced surface NKCC2 levels caused by higher rates of exocytosis (24, 126) (Fig. 3) . However, PKA inhibition did not completely block cAMP-stimulated surface NKCC2, suggesting that other trafficking pathways, such as endocytosis, may be inhibited by cAMP.
In addition to data showing that PKA mediates part of the cAMP-stimulated increase in surface NKCC2, recent data indicate that at least two amino acids in rat NKCC2 are phosphorylated by PKA, Ser 126 and Ser 874 (see below for discussion) (58) . Together, these results point to PKA and its potential targets as central in the stimulation of NKCC2 trafficking by cAMP. The molecular mechanisms by which PKA stimulates NKCC2 exocytosis in the TAL are unknown. PKA may stimulate exocytosis of NKCC2 by modulating the final steps of vesicle fusion with the plasma membrane or by enhancing the number of vesicles reaching/docking and fusing with the apical membrane. All of these steps involve members of the N-ethyl-maleimide-sensitive factor attachment protein receptor (SNARE) family of fusion proteins. VAMP2 and VAMP3 are present in TALs (126) as well as syntaxin-3 (15, 103), syntaxin-4 (97), and SNAP23 (77) . Several SNAREmodulatory proteins are expressed in most epithelial cells. This is the case for snapin (30) , tomosyn (7), complexin (22) , and Munc18b/c (98), which are involved in PKA-stimulated exocytosis in other cells. Thus we speculate that PKA stimulates NKCC2 exocytosis by at least two different mechanisms: 1) induction of phosphorylation-dependent binding of vesicletrafficking proteins to NKCC2 and 2) stimulation of SNAREdependent fusion and vesicle trafficking to the apical membrane of TALs.
NKCC2 ENDOCYTOSIS. The data showing constitutive exocytosis of NKCC2 over time suggest that steady-state surface levels are maintained by endocytosis and perhaps recycling of internalized NKCC2 in the absence of stimuli. Ares et al. (5) studied the endocytosis and recycling of NKCC2 in the absence of stimulation and found that NKCC2 undergoes constitutive retrieval from the plasma membrane at a rate that closely matches the reported exocytic insertion. In addition, a fraction of internalized NKCC2 (30 -40% in 30 min) recycles back to the surface. In chase experiments, the surface NKCC2 pool showed a relatively slow rate of degradation, with 25% of the surface NKCC2 pool degraded over 60 min in TALs. These data indicate that dynamic trafficking of NKCC2 occurs under baseline conditions in the absence of stimuli. To determine whether constitutive NKCC2 endocytosis is relevant to the NaCl reabsorption by the TAL, Ares et al. tested whether acute inhibition of endocytosis enhanced surface NKCC2 expression and activity. To do this, they acutely depleted plasma membrane cholesterol with methyl-␤-cyclodextrin, an agent known to extract cholesterol, thereby blocking endocytosis (91, 124, 188) . Cholesterol depletion (20 -30 min) completely blocked NKCC2 retrieval and enhanced surface NKCC2 and net Cl Ϫ transport by TALs (5) . These data indicate that constitutive trafficking of NKCC2 is essential for the reabsorptive function of the TAL. The actual endocytic mechanism (clathrin, caveolin, Arf1) by which NKCC2 is internalized is still unknown because methyl-␤-cyclodextrin blocks almost every endocytic pathway studied (29, 61, 96, 131, 151, 167) . Depending on the interaction with endocytic adaptors, NKCC2 may be internalized via clathrin-mediated, caveolin-mediated, clathrin-and caveolin-independent (CLIC) pathways, or a combination of these (75) . Because any of these pathways are likely to regulate NKCC2 activity, understanding which of these mediate constitutive or regulated NKCC2 endocytosis is important. To date it is not known whether any hormonal stimuli or signaling cascade regulates NKCC2 endocytosis. Potentially, any protein-protein interaction or posttranslational modifications affecting NKCC2 endocytosis are likely to impact NaCl reabsorption by the TAL.
Acute cholesterol depletion from TALs inhibited NKCC2 endocytosis and enhanced surface NKCC2, suggesting that exocytosis was not affected. These data could also indicate that the increase in surface NKCC2 after cholesterol extraction is due to exocytosis of NKCC2 located in cholesterol-rich vesicles (enriched in the endosomal and recycling compartments) with the purpose of restoring cholesterol, maintaining plasma membrane integrity. In support of this hypothesis, three groups have shown that a fraction of NKCC2 associates with cholesterol-and sphingolipid-rich membrane fractions ("lipid rafts"). Welker et al. (178) first reported that a fraction of NKCC2 was isolated from detergent-resistant membranes after sucrose gradient centrifugation of rat kidney extracts. Yu and Knepper (184) used a proteomic approach to identify lipid raft-associated proteins in the renal medulla and estimated that ϳ75% of total NKCC2 fractionated to detergent-resistant membranes. Finally, Carmosino et al. (27) also found that a fraction of NKCC2 expressed in polarized MDCK cells cofractionated with detergent-resistant membranes. Interestingly, they also showed that an NKCC2/NKCC1 chimera that is targeted to the basolateral membrane also associates with this fraction, suggesting that interaction with lipid rafts is not determinant in apical targeting of NKCC2 in MDCK cells. Prolonged (2 h) or chronic (24 h) cholesterol depletion seems to decrease NKCC2 activity in oocytes and total NKCC2 expression in immortalized rabbit TAL cells (rbTAL) in culture as well as AVP- stimulated cAMP (178) . In TALs, cholesterol depletion for 2 h decreased both surface and total NKCC2 expression by unknown mechanisms (unpublished observations). These data may indicate that cholesterol is required for appropriate NKCC2 folding and trafficking. However, these effects may be the consequence of impaired plasma membrane integrity and cellular metabolism resulting from prolonged cholesterol depletion.
The few data on dynamic trafficking of NKCC2 support a model in which newly synthesized NKCC2 traffics from the ER, through the Golgi, and then to the apical membrane via unknown trafficking pathways. Transmembrane proteins en route to the apical membrane follow different pathways in model epithelial cells (152, 153) . The trans-Golgi network-toplasma membrane trafficking (biosynthetic) of NKCC2 has not been studied, and the proteins involved in routing NKCC2 to the apical membrane as well as the regulation of this pathway during acute or chronic hormonal stimulation are unknown (Fig. 3) . Once in the apical membrane, NKCC2 is internalized by endocytosis, a fraction of retrieved NKCC2 recycles back to the apical membrane, and a fraction is likely degraded by unknown mechanisms. The relative contribution of the biosynthetic or recycling pools of NKCC2 for the maintenance of steady-state surface NKCC2 is not clear. cAMP could act at several steps to enhance surface NKCC2. It could stimulate exocytosis from the biosynthetic or recycling pool or both via PKA. In addition, it is possible that cAMP decreases the rate of constitutive NKCC2 endocytosis, thereby contributing to enhanced surface NKCC2 levels. Opposite to the stimulatory effect of cAMP, the second messenger cGMP inhibits NaCl reabsorption in the TAL by decreasing surface NKCC2 levels via cGMP-stimulated PDE2 (4) . cGMP may decrease the rate of constitutive exocytosis or enhance endocytosis. We speculate that cGMP acts at multiple steps in NKCC2 trafficking, most likely to decrease the rate of exocytic insertion, since activation of PDE2 decreases cAMP (4). However, the exact mechanism by which cGMP decreases surface NKCC2 is not clear. This pathway is of relevance because a decreased natriuretic effect of NO, cGMP, and natriuretic peptides occurs in several animal models of hypertension, in which enhanced TAL NaCl reabsorption may be involved (47, 185, 158) .
NKCC2 phosphorylation. Phosphorylation sites have been demonstrated in rat, mice, rabbit, and human NKCC2 (Fig. 4) . As shown in Table 1 phosphorylation has been described in both NH 2 and COOH termini, in serines and threonines. In 2002, Flemmer et al. (42) described an antibody that specifically recognizes threonines 212 and 217 in human NKCC1 (R5 antibody). These threonines are conserved in a similar context in NKCC2 at positions 96 and 101 (rat and mouse sequence, equivalent to Thr 100 and Thr 105 in human NKCC2), and these authors predicted that phosphorylation of NKCC2 must occur at these sites during hypotonicity or low extracellular chloride as it did on NKCC1. Later, Gimenez and Forbush (49, 50) used this antibody to demonstrate for the first time that in mouse kidney, NKCC2 is phosphorylated at these sites under baseline (unstimulated) conditions. The signal for phospho-NKCC2 detected with the R5 antibody increased 100% after treating of mice with the V2 receptor agonist dDAVP for 1 h. However, phosphorylation of NKCC2 also increased after water loading mice overnight with 5% dextrose/1% ethanol, a maneuver that decreases AVP. They concluded that AVP-induced phosphorylation at Thr 96 and Thr 101 may be involved in enhanced Table 1 for references). NKCC2, Na-K-2Cl cotransporter; TAL, thick ascending limb; 1 1, stimulation; ??, unknown/not studied; ↔, no change. Please see Fig. 4 for alignment of phosphorylation sites in other species. Throughout the text, the phosphorylation sites are noted in the NKCC2 amino acid sequence in the animal species in which they were determined.
NKCC2 activity and NaCl reabsorption in TALs during antidiuresis. However, it is unclear why water loading, which decreases AVP and NaCl transport in the TAL, also enhanced phosphorylation at Thr 96 They found that hypotonicity enhanced phosphorylation at these sites and that no single threonine by itself was responsible for enhanced transport but the three threonines together were required for phosphorylation-induced activation (50). Mutation of the three threonines eliminated hypotonicity-stimulated activity and phosphorylation. The effect of these mutations on surface or total expression and maturation of NKCC2 was not studied. This behavior is different from NKCC1, where a single threonine, Thr 189 , is absolutely essential for phosphorylation-induced activation (31). Thus in oocytes most data indicate that phosphorylation leads to enhanced NKCC2-mediated NaCl entry.
In nonpolarized mammalian cells, the data regarding the role of threonine phosphorylation in NKCC2 activation are conflicting. Richardson , and Ser 130 (equivalent to Ser 126 in rat and mouse NKCC2) that were enhanced by low extracellular chloride and hypotonicity (149) . However, this maneuver failed to enhance the activity of NKCC2 A, B, or F isoforms above that of endogenously expressed NKCC1, despite higher baseline activity caused by overexpression of either NKCC2 isoform. Mutation of Thr 105 and Ser 130 rendered NKCC2 inactive in HEK cells. Different from TALs, NKCC2 expressed in HEK cells seem to be abundantly expressed at the plasma membrane and this localization was not altered in any of the phosphomutants. These latter data suggest that baseline NKCC2 activity is regulated by phosphorylation, consistent with experiments performed in oocytes. Recently Flatman et al. (63) expressed ferret NKCC2 in HEK-293 cells and found that enhanced phosphorylation at Thr 95 and Thr 100 (equivalent to Thr 96 and Thr 101 in rat and mouse NKCC2) caused by inhibition of protein phosphatases (calyculin A) did not result in a measurable increase in NKCC2 activity. When cells were incubated in a Na ϩ -free medium, NKCC1 was activated whereas NKCC2 was inhibited and its phosphorylation rose slightly. These authors concluded that additional mechanisms such as trafficking or protein-protein interactions are involved in the stimulation of NKCC2. Taken together, most data suggest that phosphorylation at Thr 96 and Thr 101 (in rats) is important for baseline NKCC2 activity in expression systems; however, additional mechanisms must be involved in stimulated NKCC2 activity. Nevertheless, these data must be taken cautiously as activity, phosphorylation, and membrane localization were monitored in cells that express active NKCC1, and heterodimerization with NKCC2 may influence its activity, phosphorylation, and trafficking.
Recently, Mutig et al. (117) showed that NKCC2 phosphorylation is impaired in mice lacking Tamm-Horsfall protein.
These mice exhibit enhanced total NKCC2 expression, unchanged apical membrane NKCC2, with decreased phosphorylation at Thr 96 and Thr 101 , and decreased furosemide-induced diuresis suggestive of lower NKCC2 activity in TALs. Coexpression of NKCC2 with Tamm-Horsfall protein in oocytes enhanced NKCC2 activity. Thus it is possible that the urinary concentration defect observed in these mice is due to lower NKCC2 activity. However, deletion of Tamm-Horsfall protein also affects other transporters in the TAL (8) and stimulates NCC expression and phosphorylation. The molecular mechanism by which Tamm-Horsfall protein, an apical GPI-anchored protein, regulates NKCC2 activity is unknown. Given that this is the most abundant protein present in normal urine, and extremely abundant in the TAL, its deletion may affect normal TAL function.
PHOSPHORYLATION BY SPAK AND OSR1. The kinases that mediate hypotonicity and low chloride-induced phosphorylation of the NKCC2 NH 2 terminus in cultured cells have been identified as SPAK (or Ste20-and SPS1-related proline and alanine reach kinase) and OSR1 (or oxidative stress-responsive kinase). By using yeast-two hybrid screening, Piechotta et al. (136) 91 and Ser 130 . The effect of deleting the SPAK binding site on NKCC2 activity was not examined. The role of these two kinases in the regulation of NKCC2 in vivo is not clear; however, it has been further investigated by generation of SPAK and OSR1 knockout and knocked in mice. In the kidney, SPAK and OSR1 are expressed in the TAL and distal convoluted tubule; however, these kinases are relatively ubiquitous and are expressed in other organs including the brain. A knocked in mouse expressing mutant inactive SPAK (T243A) showed decreased expression (30 -40%) and phosphorylation (80%) of NKCC2 at Thr 95 and also decreased expression and phosphorylation of the distal tubule thiazide-sensitive NCC (146) . These mice exhibit 10-mmHg lower blood pressure on a normal-and low-salt but not on a high-salt diet. Urinary Na ϩ excretion was only elevated after switching of mice from highto low-salt diets, indicating salt wasting during the adaptation period; however, NaCl reabsorption in TALs or distal convoluted tubule was not measured. Recently, a SPAK knockout mice was generated (182) . The whole-animal SPAK knockout mice presented lower NCC expression and phosphorylation in distal tubules accompanied by a 15-mmHg reduction in mean blood pressure. However, total NKCC2 expression in these mice was elevated and phosphorylation at Thr 96 was enhanced threefold, suggesting compensatory regulation of NKCC2 by OSR1 or other TAL-specific kinase that does not regulate NCC. In addition, this effect may be explained by a recent report (108) suggesting the existence of three SPAK isoforms in the kidney with differential expression in TAL and distal convoluted tubule. It is unclear whether the three isoforms are completely absent in SPAK knockout mice and whether OSR1 is enhanced in TALs of these mice. Furosemide-induced na-triuresis was not affected in SPAK-knockout mice whereas thiazide-induced natriuresis was decreased. Taken together, these data suggest that both SPAK and OSR1 may be physiological stimulators of NKCC2 phosphorylation and perhaps maintain NKCC2 expression. However, eliminating SPAK in the whole animal may induce compensatory hormonal changes that influence the TAL. In addition, other targets for SPAK and OSR1, such as KCC3, may be present in the TAL. Thus it is still unclear by which degree, mechanism, and/or physiological condition do SPAK and OSR1 regulate NKCC2 activity and NaCl reabsorption by the TAL.
From the data presented above, it is evident that SPAK phosphorylates NKCC2. However, little is known about the physiological mechanisms that stimulate SPAK or OSR1 in the TAL or the distal tubule. Vasopressin enhances Thr 96 and Thr 101 phosphorylation in mouse TAL, and it also stimulates NKCC2 trafficking (49). It is not known whether AVP or cAMP stimulates SPAK or OSR1. Similarly, growth hormone (GH) enhances NKCC2 Thr 96 and Thr 101 phosphorylation in rat TALs but does not seem to stimulate NKCC2 activity as transepithelial potential was not enhanced after 6 h of treatment with GH (36). It is not known whether GH stimulates SPAK or OSR1. The only known upstream regulators of SPAK in the kidney are the family of with-no-lysine kinases (WNKs) WNK1, WNK3, and WNK4. Several studies showed that WNKs play a role in nephron NaCl reabsorption and blood pressure control. WNK3 is expressed in TAL and, when coexpressed in oocytes, it enhances NKCC2 activity (150). Ponce-Coria et al. (143) showed that decreasing intracellular Cl Ϫ in oocytes expressing NKCC2 induces phosphorylation at Thr 96 and Thr 101 and enhanced NKCC2 activity. The effect of hypotonicity/low Cl Ϫ on NKCC2 is enhanced by WNK3 in a SPAK-dependent manner. They concluded that a decrease in intracellular Cl Ϫ activates WNK3 by an unknown mechanism, which binds and activates SPAK to phosphorylate NKCC2. At least one report indicates that WNK4 is expressed in TALs whereas it is unclear whether WNK1 or the kinase-inactive kidney-specific WNK1 (KS-WNK1) are present in this nephron segment (122). Transgenic mice expressing inactive WNK4 (D561A) exhibit lower NKCC2 expression despite higher blood pressure; however, this effect may be secondary to higher NCC activity (181) . Recently a KS-WNK1 knockout mouse was generated and shown to exhibit higher blood pressure, higher NKCC2 expression without a change in phosphorylation-to-total ratio (99) . Conversely, transgenic mice overexpressing KS-WNK1 showed reduced blood pressure, lower NKCC2 expression (60% decrease), and unchanged phosphorylation-to-total NKCC2 ratio (99) . Thus it appears that KS-WNK1 is involved in the regulation of NKCC2 expression, stability, and/or turnover, however, the mechanism by which this happens and to what extent Cl Ϫ reabsorption was altered in TALs was not studied (99) . In addition to WNKs, a SPAK-interacting protein, SORLA (or sorting protein-related receptor with A-type repeats), has been recently described. SORLA seemed to regulate SPAK subcellular localization and its ability to phosphorylate NKCC2 at Thr 96 and Thr 101 (148) . In the SORLA knockout mice, a smaller fraction of SPAK colocalized with NKCC2, and phospho-NKCC2 was severely decreased (Ϫ75%) whereas total NKCC2 was unaffected. Importantly, the amount of NKCC2 in the apical membrane was not different from wildtype mice despite the large decrease in phosphorylation, arguing against a role of threonine phosphorylation in trafficking. ROMK expression was severely decreased in the outer medulla of SORLA knockout mice while they showed enhanced NHE3, NCC, and ␣-ENaC expression (148) . Taken together, these data support the notion that phosphorylation at Thr 96 and Thr 101 by SPAK, and perhaps OSR1, stimulate NKCC2 activity independently of trafficking into and out of the apical membrane but rather by a mechanism regulating protein expression, degradation, stability, and/or maturation. SPAK and OSR1 have additional targets that are present in TALs, such as KCCs and ROMK that may influence NKCC2 activity. PHOSPHORYLATION (58) . These data strongly suggest that PKA mediates the phosphorylation of NKCC2 in response to cAMP and vasopressin in TALs. While it is clear that cAMP stimulates NKCC2 trafficking by PKA, the role of these phosphosites in NKCC2 trafficking or activity itself remains unknown. When expressed in oocytes, an NKCC2 mutant lacking Ser 126 shows a 70% decrease in activity, indicating that this site is stimulatory (43). However, surface expression was not assessed in these experiments, and therefore the mechanism of activation is unclear. We hypothesize that Ser 126 phosphorylation is involved in cAMP-stimulated surface NKCC2 expression most likely by enhancing exocytosis and recycling by inducing the binding of accessory trafficking proteins to the NH 2 terminus of NKCC2. In general, termination of signaling depends on protein dephosphorylation achieved by phosphatases. Currently, the phosphatases involved in NKCC2 regulation are unknown. PHOSPHORYLATION (149) . They also reported that hypotonic-low chloride conditions also enhanced Ser 130 phosphorylation but did not stimulate AMPK activity, suggesting perhaps that the cAMP/PKA pathway maybe stimulated by low chloride. Taken together, these data suggest that AMPK could regulate NKCC2 activity in TALs. However, this has not been directly studied. Ser 126 seem to be a stimulatory site since its mutation decreases NKCC2 activity expressed in oocytes. As described above, PKA phosphorylates Ser 126 , and it is known to stimulate NKCC2 trafficking and activity. However, it is not clear whether AMPK stimulates or inhibits NKCC2 activity in TALs. In collecting ducts, AMPK opposes the stimulatory effect of cAMP on ENaC activity (13, 25) and V-ATPase proton pump trafficking (54), indicative of an inhibitory effect on net transport.
Protein-protein interactions. Protein-protein interactions are an important component on every biological process. In the case of NKCC2, interaction with kinases (SPAK, OSR1) is known to regulate its phosphorylation which in turn may regulate its activity. However, other interactions with NKCC2 that primarily affect its surface expression or membrane trafficking have been reported. As in most cases involving the kinase-dependent regulation of NKCC2, all of the protein interactions described to date have been studied in heterologous expression systems and its role in controlling TAL function remains unclear.
ALDOLASE B. The first non-kinase protein described to bind NKCC2 was the glycolitic enzyme aldolase B. This interaction was detected in a yeast-two-hybrid assay using the COOH terminus of NKCC2 (amino acids 661-768) as bait (11) and confirmed by immunoprecipitation in opossum kidney (OK) cells expressing exogenous NKCC2. In OK cells, enhancing aldolase B expression decreased surface NKCC2 without affecting the total NKCC2 pool. As expected, the decrease in surface NKCC2 levels was accompanied by a decrease in NKCC2 activity measured as NH 4 ϩ entry. While the relevance of this interaction in TAL physiology is unknown, these authors found that adding the substrate of aldolase (fructose 1,6-biphosphate) to the cell media decreased the interaction with NKCC2 and blocked the inhibition of surface NKCC2 by overexpression of aldolase. These data suggest that changes in the relative concentration of intracellular fructose 1,6-biphosphate in TALs may regulate the interaction with aldolase B; however, this has not been tested. The mechanism by which aldolase B inhibits surface NKCC2 is unknown. Other investigators showed that aldolase B binds with high affinity to sorting nexin 9 (SNX9), decreasing SNX9 membrane binding and inhibiting endocytosis in other cells (147) . It is unlikely that this is the mechanism used by aldolase B in OK cells since overexpression of aldolase B should decrease endocytosis by sequestering SNX9, enhancing surface NKCC2. Aldolase B also interacts with V-ATPase (100), which is involved in exocytosis and recycling in other cells, and also with GLUT4, mediating its exocytosis (83) . Thus this glycolytic enzyme is most likely involved in regulating the constitutive exocytic insertion of NKCC2.
SECRETORY CARRIER MEMBRANE PROTEIN 2. Recently, the same group that identified the interaction with aldolase B reported that the vesicle scaffolding protein secretory carrier membrane protein 2 (SCAMP2) also binds the C terminus of NKCC2. SCAMP2 was identified in a yeast-two-hybrid screen with the proximal region of the C terminus (amino acids 661-768) and confirmed in OK cells expressing NKCC2. Overexpression of SCAMP2 in OK cells decreases steady-state surface NKCC2 and decreases the rate of exocytic insertion from intracellular pools but does not affect endocytosis. A fraction of SCAMP2 colocalizes with NKCC2 in Rab11-positive intracellular structures but not at the plasma membrane in nonpolarized OK cells. These data suggest that SCAMP2 retains NKCC2 in a recycling compartment (186) . These results are in agreement with the reported constitutive NKCC2 recycling in TALs (5). It is of interest that SCAMP2 also interacts with the COOH terminus of NCC (Slc12a3), NHE5, NHE7, as well as with the serotonin and dopamine transporters in other cells. In endocrine PC12 cells, SCAMP2 interacts with SNAP-23, the VAMP2/3 partner in SNARE complex formation. However, in OK or HEK cells little colocalization of SCAMP2 and NKCC2 was observed at the plasma membrane (186) , suggesting that SCAMP2 works primarily by retaining NKCC2 in an intracellular compartment rather than inhibiting fusion of NKCC2-containing vesicles with the plasma membrane.
MAL/VIP17. An additional interacting partner with the COOH terminus of NKCC2 is the tetraspan protein MAL/VIP17 (27) . MAL/VIP17 is a lipid raft-associated protein implicated in apical delivery of some transmembrane proteins and in endocytosis of aquaporin-2 in collecting ducts. MAL/VIP17 is expressed in TALs, distal convoluted tubule, and collecting ducts (106) . In mouse renal medullary lysates, NKCC2 immunoprecipitates with MAL/VIP17. However, MAL/VIP17 does not appear to mediate apical NKCC2 targeting since a NKCC1 chimera containing the COOH-terminal apical targeting sequence of NKCC2 (NKCC1/CtermNKCC2) expressed in LLC-PK 1 or MDCK cells was routed to the apical membrane independently of MAL/VIP17 expression. However, endocytosis of the NKCC1/CtermNKCC2 chimera was decreased by MAL/ VIP17 expression in LLC-PK 1 cells and enhanced by silencing MAL/VIP17 in MDCK cells, suggesting that MAL/VIP17 inhibits NKCC2 endocytosis. Interestingly, phosphorylation of NH 2 terminal Thr 96 and Thr 101 was enhanced by expression of MAL/VIP17 both in the NKCC1 chimera and in transgenic mice overexpressing MAL/VIP17. The molecular mechanism by which MAL/VIP17 regulates NKCC2 phosphorylation was not studied. MAL/VIP17-overexpressing mice show neurological defects but also renal cysts with apical membrane labeling for phosho-NKCC1/NKCC2 in cells lining the cysts' lumen. Because the antibody used reacts with both phospho-NKCC1 and phospho-NKCC2, these data suggest that some cysts are of TAL origin or NKCC1 is targeted apically in cysts of collecting duct origin. The physiological and pathological implications of the interaction with MAL/VIP17 remain to be studied in TALs since it is unclear whether all of these alterations in NKCC2 trafficking result in differences in NaCl transport (predicted to be enhanced). It is also unclear whether the trafficking mechanism affected by MAL/VIP17 is the same for full-length NKCC2 expressed in TAL cells as it is for the NKCC1 chimera in model systems.
A general consideration to take into account is that differences have been reported for the relative ratios of immature (120 kDa) to mature (160 kDa) NKCC2 depending on the expression system. In kidney homogenates or TAL total lysates, the 120/160-kDa ratio is ϳ0.1-0.01 (14, 38, 40, 86, 101, 109, 171) , and in the surface fraction of rat TALs only the 160-kDa band is detected. In OK cells expressing myc-tagged NKCC2, the 120/160-kDa ratio is ϳ0.5 in total lysates, and only mature NKCC2 is detectable on the surface fraction (11, 27, 113, 186, 187) . In LLC-PK 1 and MDCK cells expressing the NKCC1/CtermNKCC2 chimera, the 120/160-kDa ratio is inverted to ϳ1-2, and both the immature and mature forms are evident on the surface (27) . It is likely that differences in the ratio of immature/mature NKCC2 in total lysates are due to decreased efficiency of maturation in heterologous expression systems. However, it is unclear why in some cells NKCC2 that is not maturely glycosylated reaches the plasma membrane. Perhaps this is specific to trafficking of the NKCC1 portion of the chimeric protein or it may be specific to this cell culture system. This phenomenon seems to occur in X. laevis oocytes, as discussed above, showing decreased but not absent NKCC2-mediated Rb ϩ uptake in NKCC2 mutants lacking glycosylation sites (130).
NKCC2 Dysfunction and Its Role in Blood Pressure Regulation
The kidneys play an essential role in short-and long-term control of blood pressure. NKCC2 reabsorbs 20 -30% of the filtered NaCl load and maintains a high interstitial osmolality. Thus there is a direct relationship between NKCC2 activity and blood pressure. This was first evident in a rare human disorder caused by mutations in the NKCC2 gene (SLC12A1) that result in decreased or absent NKCC2 activity (Bartter's syndrome) (144, 160, 173) , causing a massive salt loss and hypotension. Opposite to salt-losing syndromes, enhanced NKCC2 activity is related to hypertension, a disease affecting 30% of the adult population with an upward trend over time. Up to half of hypertensive patients exhibit salt sensitivity. That is, their blood pressure is lowered by decreasing salt intake in their diet, indicating abnormally enhanced salt reabsorption. Animal models have demonstrated that salt sensitivity is due to an inability of the kidney to excrete a salt load. Salt-sensitive hypertension is a complex polygenic disease. The molecular and genetic mechanisms leading to salt sensitivity are poorly understood, but they involve enhanced NaCl reabsorption along the nephron which decreases the sensitivity of the pressure-natriuretic mechanism. In humans, there are race-dependent differences in salt sensitivity. In African-Americans, the incidence of salt-sensitive hypertension is higher than in whites (176, 177) . The latter racial group produces more concentrated urine, retains more Na ϩ , Ca 2ϩ , and Mg 2ϩ and has higher TAL NaCl reabsorption based on furosemide-induced diuresis and water-loading studies reviewed by Jung et al. (82) . While these data point to defective TAL transport in humans, animal models of salt-sensitive hypertension clearly indicate enhanced NKCC2 activity before and after the development of hypertension.
NKCC2 in animal models of hypertension. NaCl absorption by the TAL is abnormally enhanced in rat models of saltsensitive hypertension (47, 90, 189) . In the Dahl salt-sensitive rat, enhanced Cl Ϫ reabsorption is evident in TALs perfused in vitro (79, 155) or during in vivo micropuncture (88, 89) . In this strain, proximal Cl Ϫ reabsorption is unchanged whereas distal tubule Cl Ϫ reabsorption is decreased, perhaps to compensate higher TAL Cl Ϫ reabsorption (88, 89) . Na ϩ and water reabsorption in isolated perfused cortical collecting duct is not enhanced in Dahl salt-sensitive rats (65, 95) . Thus all data indicate that in the Dahl salt-sensitive rat enhanced TAL Cl Ϫ reabsorption is involved in the development of hypertension. Alvarez-Guerra and Garay (3) found that bumetanide-sensitive NKCC2 activity was higher in Dahl salt-sensitive rats. Saltsensitive rats exhibited higher bumetanide-induced diuresis and natriuresis, consistent with enhanced NKCC2 activity. However, the molecular mechanisms by which NKCC2 activity is enhanced in Dahl salt-sensitive rats are not known. We studied the effect of a high-salt diet on surface, total, and Thr 96 and Thr 101 phosphorylation of NKCC2 in Dahl salt-sensitive and control Dahl salt-resistant rats. We found that a high salt intake decreased NKCC2-dependent TAL transport, and surface NKCC2 without affecting total NKCC2 expression in TALs from Dahl salt-resistant rats, suggesting that decreased NKCC2 trafficking contributes to salt excretion. However, in Dahl salt-sensitive rats, high salt intake not only failed to decrease NKCC2-dependent transport but enhanced surface NKCC2 (64) . Under a normal-salt diet, phosphorylation of NKCC2 at Thr 96 and Thr 101 was enhanced in Dahl saltsensitive rats despite lower NKCC2 total expression. phosphorylation of Thr 96 and Thr 101 was not affected by high salt intake in Dahl salt-resistant or Dahl salt-sensitive rats. These data indicated that NKCC2 trafficking is enhanced in Dahl salt-sensitive rats, suggesting that the possible compensatory mechanism that protects normotensive rats from becoming hypertensive is absent in Dahl salt-sensitive rats. There have been several reports with disparate data regarding total NKCC2 expression in Dahl salt-sensitive rats. Alvarez-Guerra (3) reported decreased total NKCC2 expression in salt-sensitive rats, and we found lower total NKCC2 expression that was not affected by dietary salt (64) . Hoagland et al. (74) found increased NKCC2 expression in Dahl salt-sensitive rats compared with Brown Norway (BN) or consomic salt-sensitive rats with BN chromosome 13. The reason for these discrepancies is not clear, but they are probably due to different rat strains and different types of NKCC2 antibodies used. Nevertheless, it is the amount of NKCC2 at the apical membrane and its phosphorylation at the membrane which determine NKCC2 activity, and these mechanisms are enhanced in Dahl salt-sensitive rats.
Altered NaCl handling by the TAL has been shown in others animal models of hypertension like the spontaneously hypertensive rat (SHR) (154, 163) . In 2004, Sonalker et al. (162) showed that NKCC2 expression was fourfold higher in SHR whereas NCC tended to be lower. Enhanced expression of the ␣1-subunit of the Na ϩ -K ϩ -ATPase was also found in the outer and inner medulla of SHR (162) . This group later measured membrane and total NKCC2 in the outer medulla by subcellular fractionation and found that there were not differences in the surface-to-intracellular ratio of NKCC2 when rats were normotensive (163) . However, progression from prehyperten-sive to hypertensive (5-8 wk) in SHR was accompanied by a two-to fourfold increase in the surface-to-intracellular ratio of NKCC2 compared with control rats in which membrane NKCC2 was not changed (33, 49). These data indicate that in genetic animal models of hypertension NKCC2 trafficking may be affected in such a way that enhanced membrane NKCC2 levels maintain a direct relationship with the development of hypertension.
Despite data in humans and animals pointing to enhanced NKCC2 activity, no mutations have been reported in the SLC12A1 gene that could explain this defect. Genetic linkage studies have suggested the possibility that the NKCC2 locus cosegregates with the gene for the Na ϩ -K ϩ -ATPase and the susceptibility to hypertension in Dahl salt-sensitive rats (73) and in hypertensive humans (53) . However, gain-of-function mutations are not necessarily responsible for enhanced NKCC2 activity in humans and animals but rather genetic differences leading to altered NKCC2 trafficking, phosphorylation, or both. Several of the hormonal and second messenger-mediated regulatory pathways for NKCC2 are altered in salt-sensitive hypertension. Inhibitory signaling pathways that decrease NKCC2 activity and trafficking such as NO, natriuretic peptides, endothelin, cGMP, and 20-HETE are impaired in animal models of hypertension (47, 111, 132, 133, 185) . Stimulatory signaling pathways such as those induced by norepinephrine, AVP, cAMP, angiotensin II, and superoxide are also known to be affected in TALs from hypertensive animals. Disruption of the balance between factors inducing NKCC2 stimulation and its inhibition is associated with hypertension. For example, renal medullary infusion of a subpressor dose of AVP does not cause hypertension in normal rats but increases blood pressure in salt-sensitive rats (185) . Based on the literature, we hypothesize that several inhibitory pathways are absent in these rats, enhancing the effect of cAMP on NKCC2 trafficking. This would not only increase the sensitivity of the TAL to AVP but also to renal nerve stimulation, which is enhanced in some forms of hypertension and during salt loading (107, 164) . ␤-Adrenergic stimulation enhances NaCl reabsorption (37, 140, 141) and surface NKCC2 expression (unpublished results) in the TAL, and increased catecholamines are involved in hypertension in Dahl salt-sensitive rats (159) . There are several genes and entire chromosomal regions that have been implicated in the development of salt-sensitive hypertension in animals; however, in the majority of cases the functional role of these genes is unknown. Given that NKCC2 activity is controlled by protein trafficking, phosphorylation, and perhaps hundreds of protein interactions, it is imperative to identify the molecular mechanisms of NKCC2 regulation in the TAL to systematically study the genes involved in blood pressure control as they relate to NKCC2.
NKCC2 dysfunction in humans. Gain-of-function mutations have not been identified in NKCC2; however, additional evidence of NKCC2 involvement in blood pressure regulation comes from an association study performed in the Framingham Heart Study cohort (80) . Ten allelic NKCC2 variants were identified in the SLC12A1 gene whose carriers have reduced blood pressure and lowered the incidence of hypertension. One of those mutations is a frame shift already known to cause Bartter syndrome. The remaining nine variants were newly described mutations, predicted to code NKCC2 proteins with impaired function based on the degree of evolutionary conservation of the residues involved. The functional characterization of those variants has been recently addressed by two independent groups (1, 113) . The results obtained by both teams are consistent with the hypothesis of reduced NKCC2 activity on these alleles that may contribute to decreased blood pressure in humans. There are some minor discrepancies, however, most surely attributed to technical details. Acuña et al. (1) used rat cRNA for experiments in X. laevis oocytes, while Monette et al. (113) used the human sequence mostly in HEK cells and also in oocytes. For example, the variant N399S (human NKCC2) had increased activity in Acuña et al. (2) while it had lower activity than the wild-type in Monette et al. (113) . Also, a variant at the distal COOH terminus (Y1070C) showed decreased NKCC2 activity in Acuña's study but normal NKCC2 activity in Monette's. There are two variants (R302W and L505V) with very low NKCC2 activity in both studies, causing impaired protein translocation to the membrane and reduced expression levels (113) . The overall conclusion of these studies is that rare allelic variants or mutations in NKCC2 in the normal population may protect against the development of hypertension. The mechanism by which this occurs may be related to decreased NKCC2 function either by intrinsic activity, protein expression levels, and/or trafficking to the plasma membrane. The particular cause appears to be specific for each variant and needs to be studied individually.
Several loss-of-function mutations in NKCC2 causing type I Bartter syndrome have been described in humans (2, 144, 166) . These findings, supported by animal models, provide proof of the importance of NKCC2 in the TAL function. While we have not reviewed the individual NKCC2 mutations and animal models of Bartter syndrome, we would like to emphasize the fact that without exceptions, loss of NKCC2 function leads to decreased blood pressure, as well as salt and water loss in urine. This phenotype is apparent despite maximal compensatory increases in distal tubule and collecting duct transport capacity, and during activation of the renin-angiotensin-aldosterone system. These findings together with the reviewed data showing enhanced NKCC2 activity in salt-sensitive and spontaneous hypertension clearly support a role of NKCC2 in the development of hypertension and as a target in the control of blood pressure.
Concluding Remarks
Compared with other apical renal transporters, little is known about the molecular regulation of NKCC2. This is in part due to difficulties in expressing a full-length NKCC2 in mammalian cells. However, at least three groups have now reported functional expression of most NKCC2 splice variants in nonpolarized cultured cells. This model will be useful in studying some molecular aspects of NKCC2 regulation but may not be suitable for understanding polarized trafficking or the physiological regulation of NKCC2. With few exceptions, NKCC2 expression is reportedly restricted to the TAL and macula densa cells. Most likely, additional proteins specifically expressed in these nephron cell types are required for correct apical trafficking, maturation, functional expression, and regulation of NKCC2. Importantly, the hormonal and intrinsic control of NKCC2 is specific to the cell where it is expressed and thus it is better studied in freshly isolated TALs or primary cultures of TAL cells. While this is labor intensive, several advances in subcellular imaging, reporter fluorescent proteins, biochemical methods, and protein labeling could be used to address the molecular regulation of NKCC2 in the TAL.
Our data and that of others indicate that several aspects of NKCC2 regulation are affected in animal models of hypertension. In humans, enhanced NaCl reabsorption by the TAL is associated with hypertension and salt sensitivity. Despite the important role that NKCC2 may play in hypertension, the molecular mechanisms affected are unknown. This is perhaps due to the fact that the regulation of NKCC2 is only now starting to be understood in mammals under physiological conditions. However, several questions remain unanswered, such as the role of the different phospho-sites in NKCC2 trafficking and activity; the protein interactions that drive regulated and constitutive NKCC2 trafficking; whether SPAK/ OSR1 are the only kinases that bind and phosphorylate NKCC2; how PKA stimulates trafficking; which are the binding sites for Na, K, Cl, and loop diuretics; what are the mechanisms by which different splice variants regulate activity; and which of these mechanisms contribute to the development of hypertension or salt sensitivity in metabolic syndrome. Understanding the molecular regulation of NKCC2 in TALs is likely to shed light on the mechanisms causing hypertension and provide new, specific, and effective targets for pharmacological intervention.
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